Aim. Mechanisms of induction of apoptosis signaling pathways in mammalian tumor cells treated by novel heterocyclic 4-thiazolidones with different side groups were studied. Methods. Annexin V/propidium iodide and DAPI (4',6-diamidino-2-phenylindole) staining of cells, Western-blot analysis of specific proteins. Results. 4-Thiazolidone derivatives of various structure possess similar cytotoxic activity in vitro (²Ñ 50 = 5 µM), and induce apoptosis in both leukemia (Jurkat, CCRF-CEM) and carcinoma (MCF-7, MDA-MD-231) cells. Western-blot analysis of the expression of several proteins of apoptosis signaling showed that the structure of lateral groups of 4-thiazolidones may directly affect biological activity of these proteins in leukemia cells. In particular, compounds Les-3120 (pyrazoline-substituted thiazolidinone) and Les-3166 (thiazolidinone-benzothiazole conjugate) induced receptor-mediated apoptosis in Jurkat T-leukemia cells. 4-Iminothiazolidinone Les
Introduction. Recently, 4-thiazolidones and related heterocyclic compounds have been demonstrated to be a perspective source of innovative anticancer agents [1] [2] [3] [4] [5] [6] [7] . These compounds are known for their broad biological activity, including antimicrobial, fungicidal, antiviral, and antiinflammatory [5, 7] . Novel pharmacological effects of 4-thiazolidones have been also found, such as antidiabetic and anticancer. This has resulted in the introduction of principally new group of antidiabetic medicines into clinical practice, while potential antitumor effects of 4-thiazolidones are still under investigation [4, 6, 8] .
The previous studies on antitumor activity of 4-thiazolidinone derivatives conducted at the Department of Pharmaceutical, Organic and Bioorganic Chemistry of Danylo Halytsky Lviv National Medical University allowed identifying highly active compounds among the 4-iminothiazolidinones (Les-3372), pyrazoline-substituted thiazolidinones (Les-3120) and thiazolidinone-benzothiazole conjugates (Les-3166) (Fig. 1 ). Molecular modeling of these compounds in silico revealed their increased affinity towards antiapoptotic proteins of the Bcl-2 family which are often overexpressed in leukemia and lymphoma cells. Thus, and Les-3120 were tested at the National Cancer Institute (USA) on a panel of 60 tumor cell lines, and their high toxicity towards myeloid cancer cells were revealed. That allowed us to suggest a targeted action of Les-3120, Les-3166 and Les-3372 towards leukemia cells, although the molecu-lar mechanisms of anticancer activity of these compounds have not been tested yet. The main aim of this work was to study signaling apoptotic pathways in various tumor cell lines under the action of selected 4-thiazolidones, and to establish interrelationships between the structure of thiazolidones molecule and the mechanisms of cell death induced in tumor cells.
Materials and methods. Compounds Les-3120, Les-3166 and Les-3372 were synthesized at the Department of Pharmaceutical, Organic and Bioorganic Chemistry (Danylo Halytsky Lviv National Medical University). Doxorubicin was bought at the local pharmacy and produced by «Ebeve» (Austria).
Human T-leukemia cells of Jurkat and CCRF-CEM lines were obtained from cell culture collection of R. E. Kavetsky Institute of Experimental Pathology, Oncology and Radiobiology, National Academy of Sciences of Ukraine, human breast adenocarcinoma cells of MCF-7 and MDA-MD-231 lines were obtained from Ludwig Institute for Cancer Research (Sweden). Cells were cultured in the RPMI medium supplemented with 10 % fetal calf serum («Sigma Chemical Co.», USA), 50 µg/ ml streptomycin («Sigma Chemical Co.»), 50 units/ml penicillin («Sigma Chemical Co.») in 5 % CO 2 -containing humidified atmosphere at 37 o C. For experiments, cells were seeded into 24-well tissue culture plates («Greiner Bio-one», Germany). 2 mM stock solutions of each 4-thiazolidone in DMSO (99.5 % pure, «Sigma», USA) were prepared, and additionally dissolved in serum-free culture medium (RPMI for leukemia cells and DMEM for carcinoma cells) prior to addition to the cell culture. Final concentration of DMSO in the cell culture was 0.5 % or less. Cytotoxicity studies on the Jurkat and MCF-7 cells revealed no statistically significant toxicity of 0.5 % DMSO solution towards these cell lines.
Cytotoxic effect of antitumor drugs was studied using the inverted microscope («Biolam-P1», «LOMO», RF) after cell staining with trypan blue dye (0.1 %).
FITC-conjugated Annexin V («BD Pharmingen», USA) and propidum iodide («Sigma») double staining was performed to detect early apoptotic events under treatment of Jurkat cels by 4-thiazolidones. In 3, 6, 12, 24 h after the addition of Les-3120, -3166, -3372, the Jurkat cells were centrifuged at 2,000 rpm, washed twice with 1´PBS, and incubated for 15 min in Annexin V binding buffer («BD Pharmingen») containing 1/20 volume of FITC-conjugated Annexin V solution and PI (20 µg/ml). 10 µl of cell suspension were added to slides and cover glasses were placed. Cytomorphological investigations were performed with Zeiss AxioImager A1 fluorescent microscope («Zeiss», Germany). DAPI (4',6-diamidino-2-phenylindole) («Sigma») staining was performed for studying chromatin condensation in MCF-7 cells at various time points of the Les-3120, -3166, -3372 treatment. In 3, 6, 12, and 24 h after the addition of 4-thiazolidones, the MCF-7 cells were washed twice with 1´PBS, fixed in 4 % solution of paraformaldehyde for 15 min at room temperature, and then permeabilized by 0.1 % Triton X-100 solution in PBS for 3 min. After that, the cells were incubated with 1 µg/ml solution of DAPI for 5 min, washed twice with PBS and cover glasses with fixed cells were placed on slides. Cytomorphological investigations were performed with Zeiss AxioImager A1 fluorescent microscope. Western blot analysis was used to evaluate the expression of proteins involved in signaling pathways of apoptosis induced by 4-thiazolidones. After harvesting, cell pellets were incubated with 50 µl of lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 % Triton X-100, 1 % Trasylol, 1 mM PMSF) per 10 6 cells, vortexed, and centrifuged. Protein concentration in the supernatants was measured, as described [9] . Then 1/5 volume of 5´Laemmli buffer (10 % SDS, 10 % 2-mercaptoethanol, 40 % glycerol, 0.01 % bromphenol blue, 250 ìÌ Tris-HCl, pH 6.8) was added, and samples were heated for 5 min in boiling water, and subjected to Western-blot analysis. 50 µg of protein of each cell sample was loaded onto 12 % polyacrylamide gel. After electrophoresis (4 h at 0.02 A), proteins were transferred onto the nitrocellulose membrane («Amersham Pharmacia Biotech», USA) for 1.5 h at 90 V using Mini Trans-Blot Cell («BioRad», Sweden). Incubation of membrane in 5 % milk solution for 1 h at 37°C was used to block nonspecific binding sites. The membrane was incubated with monoclonal rabbit antibodies raised against cleaved caspase-3, cleaved caspase-6, cleaved caspase-7, proteins Bid («Cell Signaling», USA), AIF (sc-5586), Bax (sc-6236), Bcl-2 (sc-492), Bcl-XL/S (sc-634) («Santa Cruz Biotech», USA), caspase-9 (BD 556585) («BD Pharmingen»), b-actin («Sigma»), monoclonal goat antibodies against procaspase-3 (sc-1226) («Santa Cruz Biotech»), and monoclonal mouse antibodies against caspase-2, caspase-8 («BD Pharmingen»), caspase-10 («MBL», USA) for 12 h at 4 o C with slow shaking. Dilution for primary antibodies equaled 1:1,000 in 5 % BSA, 0.1 % PBS-Tween, except for antibodies against b-actin (1:5,000), as recommended by supplier. After incubation with primary antibody, the membrane was washed three times for 5 min in 1Ṕ BS with 0.1 % Tween 20, and then incubated in 1:5,000 dilution of secondary anti-rabbit IgG horseradish peroxidase-linked antibody («Amersham Pharmacia Biotech») for 1 h at room temperature. The membrane was washed 3 times for 5 min with PBS-Tween 20, and proteins that bound antibodies were vizualized by membrane incubation for 1 min in ECL buffer (1.25 mÌ luminol («Sigma»), 2.72 mÌ cumaric acid («Sigma») and 0.01 % H 2 O 2 in 0.1 Ì Òris-HCl, ðÍ 8.5), and exhibition for 10-15 min with X-ray film («Fujifilm», Japan). Relative amount of protein in the electrophoretic bands was quantified by using Gel-Pro Image Analysis software («Media Cybernetics», USA). Protein loading normalization was conducted for b-actin level in the same samples.
Results and discussion. At the first stage of this work, the anticancer activity and effective inhibiting concentration of 4-thiazolidones were evaluated. For this, LC 50 index was used, calculated as a lethal concentration of drug, which kills 50 % cells in comparison with a control culture. In Fig. 2, A, B , the cytotoxic activity of Les-3120, Les-3166 and Les-3372 towards the human T-leukemia cells of Jurkat and CCRF-CEM lines are shown.
It was found that all compounds under study inhibited proliferation of leukemia cells in dose-dependent mode in 24 h after their addition to the culture medium. Jurkat cells appeared to be more sensitive towards Les-3120, -3166 and -3372, compared to other leukemia cells of ÑÑRF-CEM line. For studying specificity of anticancer activity of 4-thiazolidones, their cytotoxic effect was analyzed using another in vitro model -breast adenocarcinoma cells of MCF-7 and MDA-MD-231 lines. It was revealed that the cells of high-invasive breast adenocarcinoma of MDA-MD-231 line were among the most sensitive to the action of 4-thiazolidones, since LC 50 of all tested compounds equaled 1 µM (Fig. 2,  C, D) . However, other carcinoma cells of MCF-7 line were 10 times more resistant to thiazolidones action compared to MDA-MD-231 line. Thus, the cytotoxic activity of these compounds seems to depend on the specificity of each cell line tested. It should be noted, that all three studied compounds (Les-3120, Les-3166 and Les-3372), despite substantial differences in their chemical structure, demonstrated similar indexes of their cytotoxic activity towards tumor cells (Fig. 2) . Average LC 50 index was very close for all three compounds -5 µM, however, it was still 10 times higher, than that of the doxorubicin (0.5 µM) -anticancer drug which is already used in clinics.
Three main cell death mechanisms have been identified -apoptosis, autophagy, and necrosis [10] . Cell necrosis is undesirable phenomenon during chemotherapy treatment, since it results in development of massive inflammatory processes in the organism of cancer patients, which can significantly complicate a treatment process. In contrast, the induction of apoptosis by anticancer drugs leads to quick phagocytosis of remnants of tumor cells by the macrophages that considerably diminish the development of side effects of chemotherapy.
Cytomorphologic studies were performed to identify in which way -apoptotic or necrotic -4-thiazolidones induce death of target cells. Phosphatidylserine translocation to the external layer of the cell membrane of dying cells measured by the Annexin V test is considered to be one of the earliest hallmarks of apoptosis [11] . Propidium iodide is a DNA targeting dye which detects only necrotic cells, since alive cells use membrane pumps to move it outside into the extracellular medium. Supravital double staining of the Jurkat T-leukemia cells, treated with Les-3120, -3166, -3372 (5 µM), with FITCconjugated annexin V and propidium iodide revealed that all tested compounds induced apoptosis in leukemia cells (Fig. 3, see inset) . Doxorubicin in comparable concentration (4 µM) led to the secondary necrosis.
Chromatin condensation is another important characteristic of apoptosis. It can be easily measured by using the DNA-intercalating dyes, such as DAPI. We have revealed that all three compounds (10 µM) cause the development of chromatin hyper-condensation in MCF-7 cells, and also induced apoptosis in carcinoma cells (Fig. 4, see inset) . Thus, structurally different members of 4-thiazolidones possessed similar cytotoxic activity and induced apoptosis in both leukemia and carcinoma cells.
Molecular mechanisms of apoptosis induced by anticancer drugs are divided into two main pathways: death receptor (DR)-dependent and DR-independent (mitochondrial) [12] . Extrinsic (receptor-mediated) pathway starts with binding the death receptor (e. g. Fas) by a cognate ligand (e. g. FasL), which causes the recruitment of adaptor proteins (e. g. TRADD and FADD) and initiator procaspase-8 molecules to the cytosolic side of the receptor to form the death-inducing signaling complex (DISC) [13, 14] . In most cell types (type I), active caspase-8 activates the executioner caspase-3, which, in turn, is responsible for many of morphological and biochemical manifestations of apoptosis. In other cell types (type II) the amount of caspase-8 activated within DISC is low and insufficient for direct activation of downstream executioner procaspases, including caspase-3 and -7 [16] . Instead, active caspase-8 in type II cells is known to cleave the cytosolic BH3-only protein Bid to truncated Bid (tBid) [15] . In turn, tBid can ac- tivate the multidomain Bcl-2 family protein (i. e. Bax and Bak) that stimulates the mitochondrial outer membrane permeabilization (MOMP) and the release of intermembrane space proteins into cytosol [17] . A critical event in the initiation of DR-independent apoptosis is mitochondrial dysfunction, which is regulated by the Bcl-2 family proteins [12] . After induction of the apoptotic stimuli by anticancer drugs, the proapoptotic proteins, including Bax, Bak and Bad, are induced in accordance with their sensitivity to the anticancer drugs. The homodimerized Bax acts on VDAC, localized in the outer membrane of mitochondria, resulting in the release of cytochrome c which activates the caspase cascade [18] . In particular, oligomerization of a cytochrome c/Apaf-1/procaspase-9 complex (apoptosome) leads to caspase-9 activation causing the cleavage of downstream effector caspase-3 and -7 in the presence of dATP leading to apoptosis [19] .
For identification of apoptotic signaling pathways, induced by Les-3120, Les-3166 and Les-3372 in treated tumor cells, Western-blot analysis was performed using 15 antibodies against proteins involved in early and late stages of apoptosis. The sequence of action of initiator and effector caspases, activated under the influence of these compounds, was studied in time-dependent mode at several time checkpoints (3, 6, 12 , 24 h) after drug addition to the culture medium. The Jurkat Tleukemia cells, which are known to be among the most sensitive to thiazolidones action, were used as an experimental model line in these studies. Equal protein loading onto the gel and at Western blotting was assessed after the incubation of membranes with antibodies against b-actin.
In Fig. 5 , the expression of effector and initiator apoptotic enzymes under the action of Les-3120, -3166, and -3372 in the Jurkat T-cells is shown. Doxorubicin (4 µM) was used as a positive control. It was revealed that the usage of compounds with different structure of side groups led to various activation of effector caspases. An impact of Les-3120 and Les-3166 did that already in 12 h after starting treatment, while Les-3372 possessing the same IC 50 (5 µM), caused the activation of caspase-3, -7 and subsequent cleavage of PARP-1 and DFF45 only in 24 h. This phenomenon can be explained by different mechanisms of the action of these compounds. To confirm this hypothesis, the expression of the initiator caspases and small mitochondrial proteins was analysed.
Les-3120 and Les-3166 also activated caspase-8 involved in the receptor-mediated apoptosis and subsequent cleavage of Bid protein by caspase-8 in 12 h, while Les-3372 did not possess such activities (Fig. 5) . Another initiator caspase-10, also involved in receptor-mediated apoptosis, was partially cleaved by Les-3120 and Les-3166, but not by Les-3372, in 24 h. The Bid protein is known to be a «bridge» between the cell death receptors and mitochondria, effectively transmitting a signal from the Fas/CD95 receptor to these organelles. Les-3372 had no effect on the expression of this protein.
Significant cleavage of procaspase-9, involved in the mitochondrial-type apoptosis, was found only in the cells treated with Doxorubicin (positive control) and Les-3372 (at 24 h), while other compounds (Les-3120 and Les-3372) had weak effect on the expression of this initiator caspase. No statistically significant differences in the expression of proapoptotic mitochondrial Bax protein and antiapoptotic Bcl-xL protein were observed under the action of 4-thiazolidones, while the amount of another mitochondrial protein -AIF (apoptosisinducing factor) -involved in the caspase-independent apoptosis [20] , was increased already in 12 h in Les-3372-treated cells.
No changes were found in the expression of procaspase-2 (involved in the intrinsic, endoplasmic reticulum(ER)-mediated apoptosis) [21] under the treatment of Les-3120 and Les-3166, while Les-3372 and Doxorubicin did cleave those proteases. Thus, it is probable that the ER is not important in the Les-3120 and Les-3166-induced apoptosis, while in case of Les-3372 both ER and mitochondria could be of high importance.
Summarizing, Les-3120 leads to the activation of procaspase-8 and to subsequent cleavage by this caspase its substrate -Bid, in 12 h after the treatment of the Jurkat T-cells. This process is accompanied by the activation of effector caspases-3, -7, and cleavage of DNAreparation enzymes PARP-1 and DFF45 by these caspases. Only weak signs of the caspase-9 activation (involved in the mitochondria-induced apoptosis) were found. Taking into consideration that the Jurkat cells belong to type II, where the mitochondria activation is required for successful induction of the DR-dependent apoptosis [15] , we suggest that Les-3120 leads to recep-tor-induced, but mitochondria-mediated apoptosis that is arbitrated by caspase-8 and effector caspases-3, -7.
Les-3166 also causes early activation of caspase-8 and Bid in 12 h after starting treatment. The Bid cleavage and weak activation of caspase-9 indicate the possible involvement of mitochondria in Les-3166-induced apoptosis. That leads to the activation of the effector caspases-3, -7 by the apoptosome complex, and cleavage of DFF45 and PARP-1 by these caspases. Thus, Les-3166 seems to cause receptor-induced, mitochondria-mediated apoptosis, like Les-3120.
Les-3372, despite the IC 50 index, similar to Les-3120 and Les-3166, leads to a weak caspase-7 activation and a weak cleavage of PARP-1 and DFF45 in the Jurkat T-cells only in 24 h after the addition of drug to the culture medium. A decrease in the level of procaspase-2 (mediator of intrinsic, ER-induced apoptosis) and appearance of cleaved form of caspase-9 (a mediator of the mitochondria-induced apoptosis) were found in 24 h after Les-3372 treatment. However, a significant increase in the AIF level in 12 h was the earliest event observed in the case of Les-3372 action (Fig. 5) . AIF is known to induce the mitochondria-mediated caspase-independent apoptosis. Thus, Les-3372 leads to the activation of intrinsic apoptotic pathways, mediated by mitochondria, and caspases seem to play a minor role here.
A scheme of signaling apoptotic pathways induced in tumor cells by different 4-thiazolidone derivatives is shown in Fig. 6 .
Conclusions. We suggest that the structure of side groups of novel heterocyclic 4-thiazolidone derivatives can affect not only the anticancer activity of these derivatives, but also the activation of specific signaling apop- totic pathways induced by these compounds in tumor cells. Les-3120 and Les-3166 seem to cause the receptor-induced but mitochondria-mediated apoptosis, and Les-3372 may be involved in the caspase-independent, AIF-mediated apoptosis. The data obtained suggest definite relationships between chemical structure of side groups of 4-thiazolidones and molecular mechanisms of their anticancer activity. These data should be of great value at designing novel, «hybrid» thiazolidones combining in their structure lateral groups of different compounds and, thus, being more active comparing to their predecessor «parental» compounds. Ðèñ. 3. Èììóíîãèñòîõèìè÷åñ-êîå îïðåäåëåíèå ýêñïðåññèè ôðàãìåíòà ãëèêîïðîòåèíà Å2 ÂÊ×Ñ â êëåòêàõ áèöåïñà ìû-øè íà 3-è ñóò ïîñëå ââåäåíèÿ: à -êîíòðîëüíàÿ ãðóïïà; á -ýêñïåðèìåíòàëüíàÿ ãðóïïà, êî-òîðîé ââîäèëè pTR-BKneo -. 400
